Abstract: Unmanaged mosquito coil ash could be regarded as a possible source of metal and PAHs contamination in households but such risk is generally overlooked. To address this issue, polycyclic aromatic hydrocarbons (PAHs) and metals were estimated in the bottom ash of a few popular mosquito coils marketed in India. The detected concentration range of individual PAHs in coil ash samples was 8 (benz(a) anthracene and acenapthylene) to 2925 ng g -1 ash (phenanthrene) while metal concentration ranged from 0.3 (As) to 28,366 µg g -1 ash (Fe). Metal concentration ranged from 0.1 (Cd) to 3193.0 (Fe) µg g -1 in the unburnt coils. There was substantial magnification in metal concentration in coil ash over coil. The study indicated that mosquito coil ash could be an important source of metal and PAH contamination in households and hence should be carefully managed.
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Introduction
It is estimated that about 45 to 50 billion mosquito coils are used annually by approximately two billion people worldwide (Zhang et al., 2010) . Lee and Wang (2006) have found appreciable concentration of particulates, CO, NO, NO 2 , CH 4 , NMHC, formaldehyde and acetaldehyde in coil smoke and estimated PM 2.5 and PM 10 emission factors to be 20.3-47.8 mg g -1 coil and 15.9-50.8 mg g -1 coil respectively, for various Malaysian and Chinese coils. Chang and Lin (1998) have found carbonyl compounds (e.g. formaldehyde and acetaldehyde) in the gaseous phase of mosquito coil smoke. Epidemiological studies have shown that long-term exposure to mosquito coil smoke could induce asthma and persistent wheeze in children (Fagbule and Ekanem, 1994) . Liu et al. (2003) reported that a mosquito coil could potentially emit equivalent amount of fine particles released by 75-135 burning cigarettes, depending on the kind of materials used in coils.
Mosquito coil ash has received inadequate attention as a possible source of environmental contamination, except only a few studies (Phal, 2011; Verma et al., 2014) . But, mosquito coil ash could be potentially dangerous as a reservoir of metals that could get transferred from the coil materials to ash and polycyclic aromatic hydrocarbons (PAHs) that are generated during combustion. Human exposure to such ash can never be ruled out as it may get airborne by air and feet movement and enter respiratory tract, contaminate drinking water and food and also soil human limbs (especially children) and clothes. Exposure could be especially high in people spending substantial time indoors. In millions of congested urban slums worldwide where families live in crammed rooms, such ash could be a potent source of PAH and metal contamination. Therefore, the present study was undertaken with the objective of estimating select PAHs ('priority PAHs' of USEPA) and metals in coil ash which would be critical to understand the potential health risk posed by such ash to indoor inhabitants. Particle size distributions in coil ashes were also studied to understand the potential of ash to become airborne.
Material and methods

Mosquito coils and Sample Preparation
Five brands of popular Indian mosquito coils containing Allethrin, d-trans allethrin, Transfluthrin, or Prallethrin as the active ingredients were procured from market and used for this study. Summary of the selected coils and their ingredients as per printed specifications by manufacturers is presented in Table 1 . The coils were fixed on their stands and burnt inside a thoroughly clean and closed room to minimise the mixing of indoor and outdoor dust with ash. The entire amount of ash generated by the burning coils was collected over clean Petri plates and weighed to calculate ash generation coefficient of the coils (Table 1) . Fly ash that dispersed with emanating smoke was not sampled. Further, selected coils were ground to fine powder in a clean mortar and pestle and used for metal analysis. 
Analysis for metals and PAHs
Ground coil powder and coil ash (0.5 g each) were digested in 10 ml conc. HNO 3 in a microwave digester (model: Ethos 900; Milestone Inc., Italy) for 30 minutes. The digested samples were filtered by Whatman No. 42 filter papers. Calibration standards of 0.25, 0.5, 0.75, 1, 1.25 and 1.5 ppm were prepared by serially diluting a multi-metal standard stock solution having concentration of 1000 mg l -1 of each metal (Merck) and used for instrument calibration. Finally Cu, Cr, Co, Zn, Pb, Zn, Fe, Mn and As were analysed in an inductively coupled plasma-atomic emission spectroscopy (model: iCAP 6300 DUO; Thermo Fisher). A laboratory blank was also prepared and analysed for correction of metal concentration in samples.
For analysis of PAHs, coil ash samples (1 g) were sonicated in cyclohexane (HPLC Grade) in an ultrasonicator for 60 minutes and were then vigorously shaken in a mechanical shaker for one hour. Thus extracted samples were immediately filtered and the filtrate was concentrated to dryness in a rotary evaporator. The samples were then mixed with 500 µl of HPLC grade cyclohexane and analysed by GC-FID (Clarus 500, Perkin Elmer) fitted with DB-5 column (30 m × 0.32 mm × 0.25 µm). A mixed PAH standard (10 μg ml -1 of each component in acetonitrile; Supelco) was used for instrument calibration. Samples were injected through a capillary injector with a split ratio of 10:1. Nitrogen gas was used as the carrier gas set at a flow rate of 1.5 ml min -1 . The injector and detector temperature were maintained at 200°C and 300°C, respectively. The following temperature program was used: 70°C with five minutes hold time; a ramp to 179°C @15°C min -1 with 5 minutes hold time and another ramp to 270°C at 8°C min -1 with 20 minutes hold time. Total run-time was 48.64 minutes.
Analysis of particle size distribution of coil ash
Particle size of ash would actually govern its re-suspension in indoor air driven by air movements, operation of ceiling or pedestal fans, dusting and sweeping. Particle size distribution in coil ash was analysed by a nano particle size analyser (Malvern Instruments, UK). Dispersed ash in water was introduced into the instrument in cuvettes and an optical source and detector determined particle size distribution by measuring angular variation in intensity of scattered light when a laser beam was passed through the dispersed particulate sample. Large particles scattered light at small angles relative to the laser beam and small particles scattered light at large angles. The angular scattering intensity data was then analysed to calculate the size of particles responsible for creating the scattering pattern using the Mie theory of light scattering. The particle size is reported as volume equivalent sphere diameter (http://www.malvern.com/en/products/technology/ laser-diffraction/).
Statistical analyses
Descriptive statistical analysis was undertaken by MS-Excel (Version 2007), Microsoft Corp., USA and Duncan's Multiple Range Test (DMRT), used to determine critical difference between average content of metals and PAHs in coil powder and ash, was performed by the statistical program MSTAT-C (Version 1.41), developed by Crop and Soil Science Division, Michigan State University, USA.
Results and discussion
Ash generation
Ash generation coefficient of coils had little variation (4.64-8.18%) except All Out Low Smoke Coil, which had nearly two-fold higher ash generation coefficient (14.98%) than others, presumably due to unburnt or partially burnt residues of inorganic base materials like clay, potassium nitrate and calcite (CaCO 3 ) used in it. It may however be noted that calcite must have lost significant weight upon combustion via CO 2 emissions while clay might have lost negligible mass by losing its inherent carbon and moisture.
PAHs in coil ash
Sixteen USEPA Priority PAHs were analysed in coil ash samples and each one was detected in at least one of the ash samples. The concentration of detected PAHs ranged from 8.0 (Acenapthylene in Allout Anti Dengue Coil and Benz (a) anthracene in Allout Low Smoke Coil) to 2924.7 ng g -1 ash (Phenanthrene in Good Night Mini Jumbo) ( Table 2 ). Few of the PAHs e.g. Phenanthrene, Benzo(k)fluoranthene, Fluorene, Pyrene had persistently higher concentration than others. The combined concentration of all PAHs was found to be highest in Good Night Mini Jumbo (10429.7 ng g -1 ash) followed by Maxo Cyclothrine (5999.98 ng g -1 ash) while the lowest was in All Out Low Smoke Coil (1999 ng g -1 ash). Highest dispersion in PAHs concentrations (measured by standard deviation) was observed in Good Night Mini Jumbo (835.8 ng g -1 ash) followed by Maxo Cyclothrine (516.3 ng g -1 ash). Lower total PAHs (i.e. ΣPAH) in the ash of All Out Low Smoke Coil could be due to its high proportion of clay and calcite dust (20% w/w combined). Further, All Out Low Smoke Coil had only 15% of wood flour while other coils also had higher amounts of combustible base materials like wood flour and coconut shell powder that would generate substantial PAHs upon combustion. If average concentration of each PAH across all coil ash samples is considered, Phenanthrene (1465.6 ng g -1 ash) closely followed by Benzo (k) fluoranthene (1430.3 ng g -1 ash) were the predominant PAHs. The observed standard deviation for this pair across all coil ash samples was also higher than others (877 and 623 ng g -1 ash, respectively), indicating their widely variable concentrations in ash samples. PAHs concentration in vapour and particulate phases of mosquito coil smoke has been studied by a few. Dubey et al. (2014) reported that in three mosquito coil brands available in India, five and six ring PAHs were not detected while three-ring PAHs contributed about 24%, 42% and 29% and four ring compounds contributed about 53%, 35% and 61% to ΣPAH in coil smoke. Zhou et al. (2009) detected all, except one, of 16 USEPA recommend PAHs in coil smoke of eight mosquito coils sourced from China. Liu et al. (2003) tested six brands of mosquito coils and found that emission rates of particle-phase ΣPAH ranged from 3.5 to 176 µg h -1 while in a subsequent study, Zhang et al (2010) found that although one coil brand had only 3.2 µg h -1 ΣPAH emission rate, the other four brands had particlephase ΣPAH emission rates of 28 to 79 µg h -1 . PAHs concentrations in ash generated by various other materials are compared with coil ash. Data presented by Someshwar (1996) indicated that Naphthalene was most plentiful in wood boiler ash (1600 µg g -1 ) while many others were below detection levels. In a study in Switzerland, a wood ash sample derived from a pure burn at 550°C-650°C had ΣPAH concentration of 16.8 mg kg -1 (Bundt et al., 2001) . Ash samples coming from combustion of wood chips, sawdust, bark and straw in power plants in the Czech Republic had PAHs in the range of 15-6161 ng g -1 (Straka and Havelcova, 2012) . Kaushik et al. (2012) reported association of PAHs with different particle sizes in ambient SPM in Hisar, India. Vehicular emission was the chief source and areas dominated by diesel-vehicles showed higher concentration of PAHs associated with coarse fraction in SPM. With increasing vehicular density, PAHs associated with fine fraction escalated. Maximum average PAHs concentration (11.26 ng g -1 ) was found to be associated in particle range of < 0.56-0.32 μm. It was followed by particle size ranges of < 18-10, < 1.8-1, < 0.18-0.1, < 1-0.56, < 5.6-3.2, < 0.32-0.18, < 3.2-1.8 < 0.1-0.056 and < 10-5.6 μm with average PAH values of 10. 75, 10.35, 10.22, 10.16, 10.06, 9.50, 9.18, 9 .18 and 9.0 ng g -1 , respectively. Benzo ( , respectively. In ΣPAH, contribution of three-ring PAHs ranged from 34-60%, the four-ring PAHs had shares of 16-26% while contribution of 5-and 6-ring PAHs together were 14-47% across all coil ash samples (Table 2) . LMW-PAHs have dominated MMW-PAHs and HMW-PAHs in most coils ash samples except in Mortein Powergard. Reportedly, abundance of LMW-PAHs relative to HMW PAHs in combustion products decreases with increasing combustion temperature (McCready et al., 2000; Tobiszewski and Namiesnik, 2012) . As the combustion temperature does not rise to very high levels during mosquito coils combustion, LMW-PAHs had maximum abundance in coil ash. On the other hand, combustion PAHs that include Naphthalene, Fluoranthene, Pyrene, Chrysene, Benzo(b)fluoranthene, Benzo(k)fluoranthene, Benz(a) anthracene, Benzo(a)pyrene, Indeno(1,2,3-cd)pyrene and Benzo(g,h,i)pyrelene had shares ranging from 38-61% in ΣPAH, exceeding the shares of carcinogenic PAHs that ranged from 14-47% (Table 2) .
Toxic equivalent quotient (BaP-TEQ) and mutagenic equivalents quotient (BaP-MEQ) that are measures of potential human health risk of PAHs (You, 2008; Chen et al., 2007) , were calculated from PAHs concentrations found in coil ash. BaP-TEQ and BaP-MEQ were calculated by multiplying each PAH concentration with its toxicity equivalent factor (TEF) for cancer potency, relative to BaP (Nisbet and LaGoy, 1992) and mutagenic equivalency factor (MEF), relative to BaP (Durant et al., 1999) 
Total-BaP-TEQ ranged from 194.5 to 1266.8 ng g -1 coil ash and significantly, the lowest BaP-TEQ was recorded in the All Out low smoke coil, implying the low smoke coil ash had lowest toxicity amongst selected coils in terms of BaP-TEQ. This corresponded with the kind of materials used in the low smoke coil that had a different mix with lower amount of organic materials and much higher amount of inert materials like calcite, clay and charcoal. On the other hand, Total-BaP-MEQ ranged from 62.6 to 459.5 ng g -1 coil ash and significantly, the lowest BaP-MEQ was also observed in the All Out low smoke coil. Therefore, it may be concluded that coil ash would have significant impacts on human health if it is allowed to enter the respiratory system.
The ∑PAH concentration had good correlation with total MMW (∑MMW), total LMW (∑LMW), combustion PAHs and BaP-MEQ Σ8PAH with correlation coefficient (r) values ranging from 0.920 to 0.971 (Table 3) . Combustion PAHs had significant correlation with carcinogenic PAHs, ∑HMW, BaP-TEQ Σ8PAH and BaP-MEQ Σ8PAH . On the other hand, carcinogenic PAHs also had significant correlation with ∑HMW, BaP-TEQ Σ8PAH and BaP-MEQ Σ8PAH . ∑LMW and ∑MMW had significant correlation with each other while ∑HMW had significant correlation with BaP-TEQ Σ8PAH and BaP-MEQ Σ8PAH . Concentrations of some marker PAH compounds and their ratios could give clues on the impact of different sources on airborne compounds (Yunker et al., 2002; Guo et al., 2003) . But, the diagnostic ratio method should be used with caution as PAHs might undergo chemical degradation under the influence of ambient oxidants (ozone, hydroxyl radical, or nitrogen oxides) in atmosphere as well as on the filters during sampling (Ravindra et al., 2008) . Sometimes, these ratios cannot differentiate between different sources due to altered molecular ratios. In this study, however, the ashes did not get exposed to environmental forces and hence above drawbacks may not have strongly affected PAHs present in ash. The diagnostic ratio of Fl/(Fl + Pyr) for wood combustion was calculated for all the ash samples as the coils had wood flour. The above ratio had a narrow range (0.39-0.40) in all ash samples and was close to the reported diagnostic ratio value of 0.50 for wood soot (Yunker et al, 2002) .
Metals in coil and coil ash
Concentration of metals in mosquito coils and their ash was widely variable. In coil powder samples, average concentration of potassium, an alkali metal, was highest (11403.16 µg g (Table 4 ). In ash samples also, potassium and iron concentrations were higher than others, being respectively 61956.05 µg g -1 and 25310.52 µg g -1 while other metals like Zn (174.85 µg g ) had much higher concentrations in the ash than coil powder. The order of metal content in ash samples was similar to that encountered in respective coil powder but concentrations of metals in the former were much higher, though to variable extents, than the latter as overall mass of the coil gets significantly reduced into ash without the mass of metals not undergoing significant change during burning. The magnification of metal concentration in ash over coil ranged from 80 (Cd in All Out Low Smoke Coil) to as high as 4151% (Cd in Maxo A Grade) but As conc. decreased in ash over the coil base material for two coils by 51-65%. The variable metal magnification could be due to variable ash generation by different coils. This could be confirmed by lower magnification of metals observed in the low smoke coil (80-875% as compared to 178-4151% in others), a part of which is composed of inorganic clay which may retain its original mass to a large extent. Therefore, human exposure to metals could be more significant via contaminated ash than unburnt coil.
Metals were enriched in bottom ash generated from coil combustion and relative enrichment factor (RE) was used as described by Meij (1994) and Meij and Winkel (2007) , who measured concentrations and distributions of metals in coal, bottom ash, pulverised-fuel ash (ash collected in the ESPs), and fly ash in coal-fired power plants in the Netherlands. As per Meij (1994) and Meij and Winkel (2007) the following formula was employed:
where, C ia denotes trace element 'i' concentration in the coil ash, C irm denotes trace element 'i' concentration in coil raw material and A rm is the percentage content of ash in coil. The values of metal enrichment were variable in ash samples and ranged from 0.03 (arsenic) and 2.71 (cadmium) ( Table 5) . Metals like Cu, Cd and Mn had higher enrichment over other metals. Juda-Rezler and Kowalczyk (2013) have opined from the results of Huang et al. (2004) that lower oxygen content during combustion coal in of pulverised coal boilers might lead to higher trace element concentration in ash. In the light of the above observation, it may be stated that since the mosquito coils are burnt in abundant oxygen always, maximum metal enrichment factor reached just above 1 in three samples while the rest remained below 1. If the risk of metal contamination through coil ash is evaluated vis a vis other types of ash (Table 6) , it may be appreciated that metal content in coil ash may not be always comparable to incense ash, cow dung ash, wood boiler ash, biomass ash, fly ash, spruce fly and bottom ash and also mosquito coil ash found in other studies and can be much lesser than the pulp and paper mill ash and MSW fly and bottom ash. Exposure risk to PAHs and metals can be substantial in households as coil ash is generated indoors and in crammed urban slums it could be a potential source of food and water contamination. The potential harmful effects of metals present in respirable dust are already established (WHO, 1982) . Respirable suspended particulate matter (RSPM) containing toxic elements are of major concern as they have high probability of deposition in the respiratory tract. Particulate air pollution has been associated with cardiopulmonary and lung cancer mortality in US cities (Pope et al., 1995) . Haritash and Kaushik (2007) have reported high enrichment factors for several metals in an industrial area in India. They found that elemental enrichment was associated with an anthropogenic activity like occasional burning of industrial refuge or waste of particular industry. 
Particle size distribution of ash and re-suspension risks
Particle size distribution analysis of ash revealed the predominance of nano and fine particles in coil ash samples (Table 7) . Ash generated by different coils had different size distribution in terms of mean volume and number percent. In terms of volume, majority of coil ash samples were predominantly above 0.7 micron (700 nm) while in terms of number, there was an aggregation around 0.07-0.1 micron (78.8-122.4 nm) in three coil ash samples. For the other two coils, predominant sizes were near 1.3-3.6 micron (1281-3580 nm). Therefore, it can be logically assumed that coil ash lying on floor or any other indoor surface could easily become airborne by air movements, sweeping or fans and might enter respiratory tract or get ingested through soiled limbs and clothes. Finer the particle size, greater would be the chance of such re-suspension and human exposure. Undoubtedly, coil ash samples having preponderance of nano particles and fine particles (PM 2.5 ) could pose health risk from PAHs and metal poisoning.
Summary and conclusions
In this study, the following observations emerged as noteworthy ones:
